The extra sex combs (esc) gene product is a transcriptional repressor of homeotic genes. Although it is classified in the Polycomb group (PcG) on the basis of phenotypic criteria, it is distinct from most other PcG repressors in its time of action during development. We describe the temporal profile of esc mRNA expression during embryogenesis and the stage-specific rescue of esc mutants with a heat shock-inducible esc cDNA transformation construct. Both experiments support the idea that esc product plays an early, transient role in repression of homeotic genes. We also present the sequence of a full-length esc cDNA. The predicted esc protein is composed primarily of multiple copies of a repeat motif, termed the WD40 repeat, which are likely used in protein-protein contact. We provide evidence that individual copies of the esc WD40 repeats are needed for function in vivo. We suggest that esc protein is an adaptor that binds to multiple protein partners and assists in the assembly or targeting of other PcG proteins.
Introduction
The homeotic proteins encoded by the Antennapedia and bithorax complexes control the development of segments along the anterior-posterior (A-P) axis in Drosophila (Lewis, 1978; Kaufman et al., 1980) . The homeotic proteins are expressed in precise domains along this axis (Beachy et al., 1985; White and Wilcox, 1985; Carroll et al., 1986; Celniker et al., 1989; Karch et al., 1990) . For example, the abdominal-A (abdA) protein is expressed in the abdomen, in parasegments 7-13 (Karch et al., 1990 ), but it is never normally expressed in the head or thorax. This restriction of homeotic proteins to particular A-P positions is crucial for normal development; mutations or experimental manipulations that cause ectopic expression of homeotic proteins result in segmental transformations (White and Akam, 1985; Schneuwly et al., 1987; Celniker et al., 1989; Karch et al., 1990; Mann and Hogness, 1990) .
The initial activation of homeotic genes, at about 2 h of embryogenesis, is controlled by gap and pair-rule proteins (Muller and Bienz, 1992; Zhang and Bienz, 1992; Qian et al., 1993; Shimell et al., 1994) . In particular, repression by the gap gene products, such as hunchback and Kriippel, delimits the A-P domains of homeotic gene expression (Zhang and Bienz, 1992; Qian et al., 1993; Shimell et al., 1994) . Once activated, the homeotic proteins are continuously expressed in restricted A-P patterns throughout later embryonic, larval and pupal stages. However, the early patterns of gap gene expression decay by about 4 h of embryogenesis (Gaul et al., 1987; Tautz, 1988) . Thus, a second set of regulatory factors is needed to maintain repression of homeotic genes during subsequent development.
This second, long-lived set of repressors is encoded by the genes of the Polycomb group (PcG) (for review see Simon, 1995) . Loss of function mutations in PcG genes cause ectopic mis-expression of homeotic products along the A-P axis (Struhl and Akam, 1985; Wedeen et al., 1986; McKeon and Brock, 1991; Simon et al., 1992; Soto et al., 1995) . Strong loss-of-function mutants die as late embryos with most segments transformed into copies of the normal eighth abdominal segment (Struhl, 1981; Duncan and Lewis, 1982; Jtirgens, 1985; Breen and Duncan, 1986) .
There are 13 genes that are classified in the PcG on the basis of mutant phenotypes (Simon, 1995) and it has been estimated that there are 30-40 PcG genes in total (Jtirgens, 1985; Landecker et al., 1994) . The large number of PcG genes cannot easily be explained by a system where a subset of PcG genes specifically repress a subset of the homeotic genes. Instead, mutations in any one PcG gene cause defects in repression of many homeotic genes at the same time (McKeon and Brock, 1991; Simon et al., 1992) . The large number of PcG products is more easily explained by their functioning together as part of a multiprotein complex (Franke et al., 1992) . Little is known about the biochemistry of this complex and how it might accomplish transcriptional repression. Moreover, little is known about the biochemical roles of individual PcG proteins. Some PcG proteins may be simple constituents of a repression complex, but other precise roles must be fulfilled in order for PcG repression to work. In particular, if the PcG complex is the agent of repression, it must target only those loci to be repressed.
The extra sex combs (esc) gene product likely plays a unique role among the PcG proteins. Although the esc null phenotype is similar to that for other PcG genes (Struhl, 1981) , there is evidence that the time of esc action is distinct from that for other PcG proteins. Experiments with temperature-sensitive esc alleles provide evidence that esc function is primarily restricted to the first 6-8 h of embryogenesis (Struhl and Brower, 1982) . In contrast, other PcG products are required continuously during both embryonic and post-embryonic development (Duncan and Lewis, 1982; Ingham, 1984; Jones and Gelbart, 1990) .
To investigate the role of esc protein in PcG repression, we have isolated full-length esc cDNAs and determined the cDNA sequence. We show that the predicted esc protein contains multiple copies of a repeated motif, known as a WD40 repeat (for reviews see van der Voorn and Ploegh, 1992; Neer et al., 1994) , which functions in protein-protein contact in other proteins (Komachi et al., 1994; Wang et al., 1994; Whiteway et al., 1994) . We describe germline transformation rescue experiments that address the requirement for the esc WD40 repeats in vivo. To further define the times during development when esc function is required, we have analyzed the rescuing activity of an esc cDNA expressed under heat shock control at different times in vivo.
Results

The predicted esc protein contains multiple WD40 repeats
A 4.2 kb genomic esc clone, provided by G. Struhl, was used to screen a 4-8 h embryonic cDNA library (Brown and Kafatos, 1988) . This 4.2 kb fragment contains the entire esc gene since it provides UC+ function when introduced by germline transformation (G. Struhl, personal communication; see Fig. 3 ). Five independent cDNA clones were isolated. Restriction analysis showed that each cDNA contains an insert of about 1.7 kb and each insert shares a common internal restriction map. These cDNAs are full-length, or nearly so, given that the size of the esc mRNA is 1.8 kb (Frei et al., 1985a) and allowing for a polyA tail of 100-200 bp. We are certain that these are esc cDNAs, and that they are of sufficient size to encode functional esc product, since one of these cDNAs rescues the esc mutant phenotype when expressed from a heat shock promoter in germline transformants (see below).
The complete nucleotide sequence of one of the esc cDNAs, clone e2, is shown in Fig. 1 . A single long open reading frame is present starting at nucleotide position 133 and ending with two consecutive stop codons at position 1408. The sequence preceding the first in-frame ATG (CGAA) is similar to the Drosophila consensus sequence for translation starts (C/AAAA/C) (Cavener, 1987) . The esc open reading frame predicts a protein of 425 amino acids with a molecular weight of 48 kDa and a p1 of 6.7. The N-terminal region of esc protein contains a PEST sequence, including amino acids 11 through 42 (underlined), which is thought to be a signal for protein degradation (Rogers et al., 1986) . In addition, the Nterminal region contains a potential nuclear localization signal (amino acids 45-50, asterisks; Dingwall and Laskey, 1991) .
When we used the esc amino acid sequence to search for similar protein sequences in the databases, we identified a class of proteins that share a repeated motif known as the WD40 repeat (van der Voorn and Ploegh, 1992; Neer et al., 1994) . The consensus sequence for the WD40 repeat, based upon a compilation of 69 repeats in I4 proteins (van der Voorn and Ploegh, 1992) , is shown at the top of Fig. 2 . Five WD40 repeats in esc protein are enclosed in boxes in Fig. 1 . These repeats are shown in alignment with the consensus sequence in Fig. 2 .
The 30-40 identified proteins that contain WD40 repeats are functionally diverse. For example, they include /?-subunits of heterotrimeric G proteins Whiteway et al., 1994) , mRNA splicing factors (Hu et al., 1994) and regulators of cytoskeletal functions (deHostos et al., 1993) . There are also several WD40 proteins that, like esc, are regulators of transcription. The most well-characterized of these regulators is the Tupl protein of yeast, which contains 7 WD40 repeats (Williams and Trumbly, 1990; Komachi et al., 1994) . Recent studies have shown that the WD40 repeats in Tupl are required for direct interaction with one of its binding partners, the a2 repressor protein (Komachi et al., 1994 involved in neurogenesis, sex determination and segmen-1994). To our knowledge, there are no WD40 proteins tation (Tata and Hartley, 1993; Paroush et al., 1994) , and with as few as two repeats. Subsequent manual searches TAFn80, a component of the basal transcription machinof the esc amino acid sequence revealed repeats Nos. 1, 4 ery (Dynlacht et al., 1993) .
and 5 ( Figs. 1 and 2 ). The degenerate nature of the consensus amino acid sequence (Fig. 2, top) makes it difficult to unambiguously identify WD40 repeats in proteins. Indeed, our comparison of the esc and Tupl amino acid sequences initially revealed only repeats Nos. 2 and 3 in esc, which possess the best matches to the consensus. As the collection of WD40 repeat proteins expanded, however, it became clear that most WD40 proteins contain 4-8 copies of the repeat (van der Voorn and Ploegh, 1992; Neer et al., Although the precise three-dimensional structure of a WD40 domain has yet to be described, the repeats have been predicted to fold into a series of p-strands separated by turns (Neer et al., 1994) . Secondary structure predictions show that esc protein can be divided into an N-terminal domain of about 70 amino acids that lacks P-strand structure and a C-terminal domain of about 350 amino acids that is rich in B-strands (Fig. 2B) Voom and Ploegh (1992). x represents any amino acid, 6 represents a non-charged amino acid and a represents an aliphatic amino acid. The dashes represent a region of variable length in the middle of the repeat. An alternative WD40 consensus has also been described (Neer et al., 1994) . The five WD4O repeats in esc are aligned with the repeats in yeast Tupl (Williams and Trumbly, 1990; Komachi et al., 1994) in Drosophila TAF$O (Dynlacht et al., 1993) and in Drosophila grouch0 (Tata and Hartley, 1993) . Matches to the consensus sequence are indicated in bold type. Dots represent spaces in the amino acid sequence inserted, and asterisks represent amino acids deleted, to improve the alignment. Several of the repeats are shown as halfrepeats after the convention of van der Voom and Ploegh (1992) . (B) The Chou-Fasman secondary structure predictions for esc protein are shown. These predictions were determined using the PeptideStmcture program from the Wisconsin GCG sequence analysis package. The scale below the structure plots indicates the corresponding amino acid positions in esc protein. The positions of &he WD40 repeats are indicated by the black boxes. The positions of the two in-frame deletion mutations described in this study are shown below the repeats that they affect. (Thummel and Pirrotta, 1991) . Germline transformants containing this wildtype construct, E223-cas, were generated and chromosome linkage of the inserts was determined (see Methods). X-linked and third chromosome-linked inserts were tested for rescue of the esc null phenotype. Since maternal esc expression alone is sufficient for viability (Struhl, 1981) , rescue was assayed in the progeny of hemizygous mutant esc parents that also contain a single copy of the transgene (see Methods for details of crosses). Rescue of lethality in esc nulls was observed in 6 out of 7 lines tested that contained the wild-type csc+ transgene (Table  1) . Southern blot analysis on 4 of these lines, including the one line failing to rescue, verified that the inserts are intact (data not shown). The single line that failed to rescue was not pursued further; it may contain an insert whose expression is adversely affected by genomic position.
Rescue was further assessed by immunostaining the embryos with antibody to abdA protein and scoring for abdA-staining cells in the region anterior to PS7. Since abdA expression is never seen anterior to PS7 in wildtype embryos ( Fig. 3A ; Karch et al., 1990) , this provides a sensitive assay for the degree of repression supplied by the esc transgene. Fig. 3C shows an example of abdA expression in one of the rescued transformant lines. In this case, and in 4 additional E223-cas transformant lines, complete repression of abdA anterior to PS7 is seen. In one line, rescue of lethality was observed but occasional anterior cells that mis-express abdA protein were seen, primarily in the CNS (Table 1) . We conclude that the We constructed a pair of in-frame deletions in the esc WD40 repeats (Fig. 2B ) to be tested for esc function in vivo. The AGH construct contains an in-frame deletion of two amino acids, G and H, on the N-terminal side of repeat No. 2. These two amino acids are highly conserved within the WD40 consensus sequence; indeed, the H residue in position 4 is absolutely conserved in the repeats compiled in Fig. 2 . The AES construct deletes nine amino acids (EGHRDEVLS, Nos. 213-221) within repeat No. 3 and replaces them with a single alanine residue. These two mutations were then tested in germline transformants in the context of the same 4.2 kb fragment that provides esc+ function (Fig. 3C) . Complete failure to rescue was seen with transformants containing either the AGH construct or the AES construct (Fig. 3D ,E, Table 1 ). Identical results were obtained with five independent transformants assayed for each construct. The uniform abdA expression seen with both sets of transformants indicates that both deletions behave like null esc mutations. Southern blot analysis, which was performed on 2 of the AGH lines, verified that the expected inserts were present and intact in these transformants (data not shown). Thus, targeted mutations in either of 2 different WD40 repeats eliminate esc function in vivo.
Temporal and spatial patterns of esc mRNA expression
In situ hybridization to whole-mount embryos was performed to determine the spatial and temporal distribution of esc mRNA. Fig. 4 shows the rest&s obtained using a 1.4 kb antisense esc probe that spans the entire open reading frame. Controls with a sense esc probe, which was identical in size, showed little or no signal at all embryonic stages (not shown). esc mRNA is uniformly distributed along the anterior-posterior axis at all times of embryogenesis when it is detected. The mRNA is most abundant in embryos in the precellular blastoderm stage prior to 2 h of development (Fig. 4A) . The signal at this early time presumably reflects the maternal component of esc expression (Struhl, 1981) . The level of esc mRNA declines through the cellular blastoderm, gastrulation and germ-band extension stages (Fig. 4B,C) and it is reduced to background levels by germ-band retraction (not shown). These in situ hybridization data agree with developmental Northern analysis (Frei et al., 1985a) , which showed that esc mRNA is abundant in O-4 h embryos, detectable at a much lower level in 4-8 h embryos and low or absent after 8 h.
The whole-mount in situ hybridization experiments (Fig. 4) suggest that the severe reduction in esc mRNA levels occurs before 4 h of embryogenesis.
To further investigate the time of maximal esc mRNA expression, developmental
Northern analysis was performed with time points that afforded resolution within the first 4 h of development. Fig. 5 shows that esc mRNA is most abundant in O-2 h embryos and that 24 h embryos have greatly reduced levels. This reduced level is seen also in the 4-8 h embryos and then it is lower or undetectable at subsequent stages (Fig. 5) . Thus, the dramatic reduction in esc mRNA abundance occurs at or before 2 h of embryogenesis.
When does esc function begin?
The temporal profile of esc mRNA expression suggests that esc product is needed for homeotic gene repression as early as 2 h of embryogenesis.
To investigate the time of esc function, we constructed germline transformants that contain a full-length esc cDNA fused to the hsp70 heat shock promoter. We reasoned that if esc mRNA is normally present in all cells (Fig. 4) , then the uniform production of esc mRNA from a heat shock promoter, at the appropriate time of development, might provide esc+ function. We could then assess the temporal requirement for esc by scoring for rescue of the lethal phenotype seen in esc null embryos.
The construct cHSesc was created by inserting the entire esc open reading frame into the pCasperHS vector (Thummel and Pirrotta, 1991) . Transformants containing cHSesc were generated and those inserted on the X or third chromosomes were identified. These lines were used to generate adults of the genotype Dfesd"/esc2; cHSesc/+ (see Methods for details of crosses). Progeny embryos were collected from these adults and heat shocks were administered at various times during embryogenesis. Complete embryonic lethality was observed in the absence of heat shock in all lines tested. The lethality in these control embryos is due to transformation of most body segments into ectopic eighth abdominal segments, as is typically seen in esc null embryos (Struhl, 1981) . Complete lethality was also seen if a 2 h heat shock treatment was initiated at or after 4 h of embryogenesis (Fig. 6) . In contrast, rescue to first instar larval viability was seen if the heat shock treatment was begun prior to 4 h of embryogenesis.
In three independent lines tested, the degree of rescue was 4-lo-fold higher in embryos heat shocked at 2-3 h of embryogenesis versus embryos Embryos were collected as the progeny of Dfesc"/esc?; cHSesc/+ parents, aged at 25°C and heat shocked at 36°C for 2 h, beginning at the indicated times of development.
After further growth at 25°C for approximately 36 h, rescued first instar larvae and unhatched embryos were counted. Percent rescue was calculated from the numbers of rescued larvae and total embryos laid after correcting for the frequency of progeny embryos expected to contain both the cHSesc transgene and a Dfesc'"/es$ second chromosome genotype (see Methods for details of crosses). Among the three independent lines tested, HSescl and HSesc2 possess inserts on the third chromosome and HSesc3 contains an Xlinked insert. heat shocked at 3-4 h. (Fig. 6) . These results suggest that the requirement for esc product begins between 2 and 4 h of embryogenesis.
Furthermore, embryos that develop beyond 4 h in the absence of esc product suffer a loss of function that cannot be corrected by later synthesis of the product.
In a subset of the rescue experiments (Fig. 6) , the rescued first instar larvae were collected, transferred to growth vials and tested for survival to adult stages. Adult survivors were obtained in experiments using three independent cHSesc inserts; however, the frequency of rescue to adulthood averaged only about 10% of the rescued first instar larvae. Among the surviving adults, about half appeared phenotypically normal and half showed segmental transformations, such as ectopic fourth abdominal segment pigmentation (Mcp phenotype, , which are typical of slight PcG loss-of-function.
These results indicate that the brief heat shocks provide enough esc product for efficient rescue to larval viability, but that this is not always sufficient for completely normal pattern formation of the adult.
We also investigated the effects of inducing esc expression in wild-type animals at times when levels of the product are normally low or absent.. Transformants homozygous for the cHSesc construct, and wild-type with respect to the endogenous esc locus, were subjected to a single 2 h heat shock treatment beginning at various times of development. The treated animals were then allowed to develop to adulthood at room temperature (21°C) and were scored for segmental transformations.
Heat shocks were administered during one of the following stages: 4-8, 8-12 or 12-24 h old embryos, first, second or third instar larvae, white prepupae, tan pupae or pharate adults. In all cases, the animals survived in normal numbers to adulthood and segmental transformation phenotypes were not seen. In a second experiment, cHSesc transformants were subjected to a repeated heat shock regimen consisting of a 2 h heat shock once per day throughout embryonic to adult development. Once again, survival appeared normal and adult homeotic phenotypes were not observed. In a third set of experiments, 2 h heat shocks were administered three times during embryogenesis; viability counts of the resulting first instar larvae showed no differences from controls that were not heat shocked. Thus, we fail to detect deleterious effects of esc over-expression at a wide variety of developmental times.
Discussion
The time of esc function
Our analysis of esc expression shows that peak levels of esc mRNA are present prior to 2 h of embryogenesis (Figs. 4, 5) . After 2 h, esc mRNA levels decline rapidly and they are low or undetectable at times after 8 h of embryogenesis ( Fig. 5 ; Frei et al., 1985a) . In agreement with this early expression, experiments with a temperature-sensitive esc mutation show that esc function begins sometime between late blastoderm and early gastrulation stages (Struhl and Brower, 1982) , possibly as early as 2 h. On the other hand, the earliest defects in regulation of homeotic genes in esc null embryos are not detectable until 5-6 h of embryogenesis, at the time of full germband extension (Struhl and Akam, 1985; Glicksman and Brower, 1990; Simon et al., 1992) . This apparent discrepancy cannot be attributed to the time needed to transcribe the large homeotic genes, since mis-expression of either CJbx or abdA mRNA is not observed prior to 5 h of embryogenesis, even when the probes contain the 5'-most regions of these genes (Struhl and Akam, 1985 ; J.S., unpublished results).
Our heat shock rescue experiments provide an independent measure of the time when esc function begins during embryogenesis.
Embryos that lack endogenous esc product survive to larval stages if esc product is provided from the heat shock promoter, but only if induction occurs prior to 4 h of embryogenesis (Fig. 6 ). Although we have not directly monitored the accumulation of esc protein in these heat shock experiments, the results suggest that esc function begins before 4 h. The fact that rescue is four to ten-fold more efficient if heat shock induction occurs prior to 3 h versus between 3 and 4 h (Fig. 6 ) may reflect esc function as early as 2-3 h of embryogenesis. These results are consistent with esc action beginning in the late blastoderm, in agreement with the time estimate from the temperature-shift experiments (Struhl and Brower, 1982) . In addition, the heat shock rescue experiments suggest that esc function begins at this time in most or all of the body segments, not only in the mesothoracic segment that was scored in the temperature-shift study (Struhl and Brower, 1982) .
Our results, together with genetic studies of esc function, show that the role that esc plays in early embryogenesis is transient. Struhl (1981) has shown that esc-/esc-embryos derived from esc+/esc-mothers develop to adulthood, solely on the basis of the maternally provided esc+ product. Given the esc mRNA expression profile ( Fig. 5 ; Frei et al., 1985a) , this maternal rescue is best explained by a short-lived esc role that is sufficiently provided by the maternal mRNA present in 2 h embryos. An alternative explanation, that maternal esc product persists for long periods of developmental time, is not ruled out by the mRNA expression data. Although we have not measured the perdurance of esc protein in embryos, the presence of a PEST domain ( Fig. 1 ; Rogers et al., 1986) predicts that it is short-lived.
In addition, imaginal disc in vivo culture experiments argue against the perdurance of maternal esc protein through postembryonic stages (Struhl and Brower, 1982) .
The survival of esc null animals to adulthood solely on the basis of product made from a brief heat shock treatment early in embryogenesis (Fig. 6) provides additional evidence for a transient, early esc role. We note that the efficiency of survival to adulthood (about 10% of the rescued first instar larvae) under these conditions is reduced compared to the efficiency of maternal rescue of esc null embryos, which is nearly complete. One possible explanation for this difference is that esc product may be required as early as 2 h of embryogenesis and heat shock treatment of staged 2-3 h embryos fails to provide enough product early enough in all embryos. We were unable to induce esc expression at earlier embryonic times since the hsp70 promoter cannot be activated prior to the blastoderm stage (Zimmerman et al., 1983) . The idea that esc function commences at the time when zygotic transcription begins, at about 2 h of embryogenesis, could explain why esc product is provided so abundantly in maternal form (Fig. 5; Struhl, 1981) . The need for high levels of esc product as early as 2 h could also explain why increasing the zygotic dosage of esc+ fails to rescue more than 10% of the animals that lack the maternal esc contribution (Glicksman and Brower, 1990) .
Thus, esc expression and function occur during a brief, early time window in embryogenesis and esc product is largely dispensable during later developmental stages. We provide evidence that this time window begins between 2 and 4 h of embryogenesis and we suggest that it begins as early as 2 h. The best estimate for when esc function is no longer critically required derives from temperature-shift experiments (Struhl and Brower, 1982) which identify a time during germ-band extension at about 6 h of embryogenesis. Analysis of esc expression at the protein level should more precisely delimit the time window of esc function. Struhl (1983) first proposed that the function of the esc product is distinct from the function of the PC product. Indeed, the time window of esc expression and function is markedly different from all other PcG products that have since been tested. For example, the PcG genes PC, Pcl, Psc and E(z) are each expressed in both early and late stage embryos and during postembryonic stages (Paro and Zink, 1992; Jones and Gelbart, 1993; Martin and Adler, 1993; Lonie et al., 1994) . Genetic studies also indicate that, unlike esc, other PcG genes play important roles in homeotic regulation during postembryonic stages (Duncan, 1982; Duncan and Lewis, 1982; Ingham, 1984; Jones and Gelbart, 1990; Phillips and Shearn, 1990) . The association of many of these long-lived PcG proteins with the homeotic loci in larval polytene chromosomes (Franke et al., 1992; Rastelli et al., 1993; Lonie et al., 1994) indicates that they are stable components of the local chromatin. It is likely that long-term repression requires this stable association, perhaps in the form of a large molecular complex of PcG proteins (Franke et al., 1992) . Our data indicate that esc product is not likely to participate in such stable protein associations at late developmental times.
Comparison of esc with other PcG repressors
In addition to its time of action, there are other indications that esc function is different from most other PcG proteins. Whereas most PcG genes are required for repression of engrailed, esc product is not involved in engrailed regulation (Moazed and O'Farrell, 1992) . Similarly, several PcG genes have been implicated in repression of gap gene products (Pelegri and Lehmann, 1994) , but esc product is not involved in this process either. Finally, increased dosage of esc+ has been shown to enhance mutations in even-skipped (McKeon et al., 1994) . Although the molecular basis for this effect is not yet clear, esc is the only PcG gene that shows this genetic interaction.
The time of esc action overlaps with the time when the initial repressors of homeotic genes, the gap repressors (Zhang and Bienz, 1992; Qian et al., 1993; Shimell et al., 1994) are supplanted by the more long-lived PcG repressors. This timing, together with the similarity in phenotypes seen in esc nulls and other PcG nulls, suggests that esc function may be a prerequisite for long-term PcG repression to set in. We suggest that esc plays a role in the molecular transition between these two groups of repressors.
In contrast to its limited time of action, esc product is similar to other PcG products in its uniform distribution along the A-P axis (Fig. 4) . This uniform distribution, and the rescuing ability of ubiquitously expressed esc product (Fig. 6) , make it unlikely that esc product intrinsically encodes position along the A-P axis. Instead, esc may be involved in recognizing the positional information conferred by the graded distributions of the gap gene products.
Domains in esc for protein-protein contact
The predicted esc protein contains five copies of the WD40 repeat motif (Figs. 1 and 2 ). The function of the WD40 repeat has been best characterized in the yeast repressor protein, Tupl (Williams and Trumbly, 1990; Komachi et al., 1994) . Tupl acts as a repressor of diverse yeast genes including mating type a-specific genes, haploid-specific genes, glucose-regulated genes and oxygenregulated genes (Williams and Trumbly, 1990; Keleher et al., 1992; Zitomer and Lowry, 1992) . Repression of mating type a-specific genes requires a complex of proteins that includes Tupl, Ssn6 and the DNA-binding protein, a2 (Keleher et al., 1992; Tzamarias and Struhl, 1994) . Komachi et al. (1994) have shown that Tupl binds directly to a2 protein and that this interaction is disrupted if the WD40 repeats are deleted. In addition, protein interactions involving G protein &subunits have been shown to require WD40 repeat domains Whiteway et al., 1994) . These results indicate that WD40 repeats function as protein-protein interaction domains.
The WD40 repeats in esc are distributed throughout a region that comprises the C-terminal 85% of the protein. The remaining N-terminal region is structurally distinct (Fig. 2B) , and it contains a PEST domain and a nuclear localization signal. The widespread distribution of the WD40 repeats throughout most of esc protein suggests that it functions mainly by contacting other proteins.
Mutations in esc that specifically affect either WD40 repeat Nos. 2 or 3 eliminate function in vivo (Fig. 3) . Similarly, deletion of a single WD40 repeat in Tupl is null with respect to the glucose repression function (Williams and Trumbly, 1990 ) and a single repeat deletion in the yeast splicing factor, Prp4, is also null mutation (Hu et al., 1994) . Thus, the multiple repeats present in WD40 proteins cannot simply substitute for each other. Given that a single Tupl WD40 repeat is sufficient to form a proteinbinding domain (Komachi et al., 1994) , these single repeat mutations may behave as nulls because they completely eliminate a discrete protein-binding site. Alternatively, some protein-binding sites may be composed of multiple, interacting WD40 repeats. It has been proposed that WD40 repeats form short B-strand structures that might require stabilization through interactions between multiple repeats (Neer et al., 1994) . Our experiments do not distinguish between local effects upon discrete binding sites versus effects upon protein folding or stability. It will be necessary to identify esc protein binding partners to explain how these WD40 mutations impair function. Additional targeted mutations will also be needed to determine if all five WD40 repeats are individually required for esc function.
Possible molecular mechanisms of esc function
There are several classes of proteins that are good candidates for esc binding partners. Since esc functions during the transition from initial to long-term repression, the candidates include the early, short-lived repressors, such as hunchback and Kriippel. Although esc is not required for the initial repression by gap gene products (Struhl and Akam, 1985; Simon et al., 1992) it could begin association with these DNA-bound factors as early as late blastoderm stages. Another possible group of binding partners are the other PcG proteins. Since the PcG proteins are thought to act in a multiprotein complex (Franke et al., 1992) , it is possible that esc protein plays a role in the organization or assembly of such a complex. Finally, esc protein could bind to both gap repressors and PcG repressors. In this case, it might play a role in targeting other PcG proteins to the gene to be repressed. This is an appealing possibility since it remains unclear, in the absence of identified DNA-binding proteins in the PcG, how they specifically recognize which loci to repress. We have not detected phenotypic consequences of inducing esc expression at developmental times after the normal window of function. This could be explained if esc protein acts in concert with factors that only funct-ion during the early embryonic stages, such as the gap gene products. Alternatively, it may be that once the PcG and trifhorux group factors have established their respective stable organizations in the chromatin of homeotic loci (Paro, 1990; Simon, 1995) , then mis-expressed esc protein is unable to reprogram or alter the expression states.
In addition to Drosophila esc and yeast Tupl, there are other transcriptional repressors that have WD40 repeats (Deng et al., 1992; Sherwood et al., 1993; Tata and Hartley, 1993) . Studies on Tupl have suggested interactions that could provide common mechanisms for repression by WD40 proteins. The demonstration that a2-Tupl can repress basal transcription in vitro (Herschbach et al., 1994) suggests an interaction with the basal transcription machinery. One possibility is that the WD40 repeats in these repressor proteins bind and interfere with a factor that interacts with the WD40 repeats in TAFn80. If esc works by basal machinery competition, then its role might be to directly maintain repression for a short time until the other PcG proteins can assemble onto the gene. A second possibility is that WD40 repressors bind to and arrange nucleosomes (Roth, 1995) . This model is suggested by studies showing that c&mediated repression is accompanied by Tupl-dependent nucleosome positioning (Cooper et al., 1994) . In this view, esc might act by positioning nucleosomes in the chromatin of a homeotic gene, which could create a suitable target or 'landing pad' for assembly of the stable PcG repressors. The identification of proteins that bind directly to esc protein should distinguish among these and other models and help clarify its role in homeotic gene repression.
Materials and methods
I. Drosophila strains and crosses
Germline transformations were performed using embryos of the genotype y D~(I)w~~~~ (Chan et al., 1994) . The balancer stock w; T(2:3) Apx"/ CyO; TM2 was used to assess the chromosomal linkage of inserts and to make second and third chromosome inserts homozygous. Xlinked inserts were made homozygous by inbreeding. Lethal inserts were maintained in stock with the CyO or TM2 balancer chromosomes.
es&O is a deficiency that removes 380 kb including the esc locus and esc2 is an apparent null (Struhl, 1981; Frei et al., 1985b) .
Rescue experiments with genomic esc constructs were performed as follows. Transformant females were mated to Dfesclo b pr/ CyO males, and the DfescJo b pr/ + male progeny, containing one copy of the transgene, were mated to Dp(2;2)GYU esc' CyO females. Dp(2;2)GYL is a duplication that carries the esc+ gene (Struhl, 1983) . In the next generation, Dfescio b pr/esc2 CyO animals were selected and self-mated. In the case of P inserts on the third chromosome, 50% of these animals possess a single copy of the transgene and 50% lack the transgene. In the case of P inserts on the X chromosome, all females possess of single copy of the transgene and males lack the transgene. Rescue of viability (Table 1 ) and rescue of abdA repression (Fig. 3) were scored in the progeny of this self-mating.
Rescue experiments with the heat shock-esc cDNA construct were performed by generating Dfesc'" b pr/es$ CyO; cHSesc/ + animals using the same cross strategy as described above for rescue with the genomic constructs. These animals contain a single copy of the cHSesc construct in the frequencies described above. These animals were self-mated and the progeny embryos were collected on grape agar plates at 25°C. The embryos were heat shocked by incubating the plates in a humid chamber at 36°C for 2 h. Since both the Dfesc'O b pr and the esc2 CyO chromosomes are homozygous lethal prior to the first instar larval stage (Lindsley and Zimm, 1992 ; K.L. and J.S., unpublished results), the heat shock treatment can only rescue Dfesc lo b pr/ esc2 CyO embryos that also contain the cHSesc construct. Thus, maximal percent rescue with cHSesc located on the third chromosome is (0.5)(0.4375) X 100 or 22% of the embryos laid. Maximal percent rescue with cHSesc on the X chromosome is (0.5)(0.5) x 100 or 25% of the embryos laid. Each bar in Fig. 6 represents 1000 to 3000 embryos tested.
Constructs and germline transformation
The wild-type germline transformation construct, E223-cas, was generated by inserting a 4.2 kb genomic XbaI fragment from the plasmid E223 (a gift from Gary Struhl) into the transformation vector pCasper4 (Thummel and Pirrotta, 1991) . The two in-frame deletions, AGH and AES, were constructed in an esc genomic subclone, pBSEE1, that contains a 0.6 kb EcoRI fragment spanning WD repeats Nos. 2 through 4. AGH was constructed by cleaving pBSEE1 at a unique NcoI site within WD repeat No. 2, followed by light exonuclease treatment with mung bean nuclease and ligation. AES was constructed by cleaving pBSEE1 at a unique NruI site within WD repeat No. 3 and treating with exonuclease III and mung bean nuclease followed by ligation. DNA sequencing on both strands showed that AGH consists of a 6 bp deletion and AES contains a 24 bp deletion. Both mutations were reinserted into the context of the germline transformation vector, E223-cas, by replacing the wildtype 0.6 kb EcoRI fragments with the corresponding mutant fragments.
The heat shock-cDNA construct, cHSesc, was created by inserting a 1.5 kb DraI fragment from the e2 cDNA into the unique StuI site of pCasperHS (Thummel and Pirrotta, 1991) . This 1.5 kb fragment contains the entire esc open reading frame, 84 bp of 5'-UTR DNA and 163 bp of 3'-UTR DNA.
Germline transformants were generated essentially as described (Rubin and Spradling, 1982) using the ~25.7~~
helper plasmid (Karess and Rubin, 1984) .
Some of the transformant lines were made by mobilization of P inserts using the chromosomal A2-3 transposase source (Robertson et al., 1988) .
Isolation of cDNA clones
A 4.2 kb XbaI genomic fragment spanning the esc gene (G. Struhl, personal communication) was radiolabelled and used as probe to screen a 4-8 h embryonic cDNA library in the plasmid vector pNB40 (Brown and Kafatos, 1988) . Hybridizations were performed overnight at 42°C in 50% formamide, 5X SSPE (0.75 M NaCl, 50 mM NaH2P04, pH 7.0, 5 mM EDTA), 1 X Denhardt's solution (0.02% each of BSA, Ficoll and polyvinylpyrrolidone), 100~glml sonicated, denatured salmon sperm DNA and 10% dextran sulfate. A total of five independent esc cDNA clones were isolated in a primary screen of 500 000 colonies.
DNA sequencing
The nucleotide sequence of the cDNA insert in the esc clone e2 was determined using dideoxy chain termination (Sanger et al., 1977) with Sequenase 2.0 polymerase (United States Biochemical).
The complete DNA sequence was determined on both strands using a combination of subclones in the plasmid pBluescript (Stratagene) with the associated T3 or T7 primers and direct sequencing of clone e2 with internal esc primers. The template was double-stranded plasmid DNA prepared by alkaline lysis. Sequencing reactions were electrophoresed on 6% polyacrylamide denaturing gels.
Antibody staining of embryos
Embryos were fixed and stained as described (Simon et al., 1990 ) using a polyclonal antibody against abdA protein (Karch et al., 1990) . The secondary antibody was goat anti-rabbit IgG conjugated to horseradish peroxidase (BioRad).
Analysis of mRNA expression
The RNA blot was prepared, hybridized and washed as described (Li et al., 1994) . The probe was a radiolabelled 1.1 kb Pm11 fragment excised from cDNA clone e2 and gel-purified.
In situ hybridizations to whole-mount embryos (Tautz and Pfeifle, 1989) were performed essentially as described (Jiang et al., 1991) . Both the antisense and sense probes were prepared by in vitro transcription of an esc cDNA subclone, pe2Sf. This subclone contains a 1.4 kb SfuI-DraI fragment, including the entire esc open reading frame, inserted into the ClaI and EcoRV sites of pBluescript II KS+. The antisense riboprobe was prepared by linearizing pe2Sf with Sal1 and performing in vitro transcription with T7 RNA polymerase in the presence of digoxygenin uridine triphosphate (Boehringer Mannheim). The sense riboprobe was prepared by linearizing pe2Sf with XbaI and transcribing with T3 RNA polymerase.
